Introduction
Asymmetrical weight bearing is common in individuals with unilateral hip osteoarthritis (OA), before and after total hip arthroplasty (THA). Before and after THA, individuals use compensatory strategies to complete common activities of daily living, such as the sit-to-stand task (STS) (Abujaber et al., 2015a; Boonstra et al., 2011; Eitzen et al., 2014; Martinez-Ramirez et al., 2014; Talis et al., 2007; Talis et al., 2008) . During the STS, these individuals rely on the non-affected limb to complete the activity, which results in 17-22% less vertical ground reaction force under the affected limb (Boonstra et al., 2011; Talis et al., 2008) and asymmetrical hip and knee joint moments that are lower on the affected side (Eitzen et al., 2014; Lamontagne et al., 2012; Varin, 2011) .
Altered movement patterns that persistently underload the affected side and overload the contralateral side, may have negative short-and long-term consequences. Christiansen and colleagues found that greater weight bearing asymmetry during STS task was related to worse functional performance in patients after knee arthroplasty (Christiansen et al., 2011) . Reducing the joint moments and forces on the surgical side may perpetuate a pattern of disuse atrophy. In addition, the pattern of overloading the non-surgical limb coincides with the non-random progression of OA in lower extremity joints. Shakoor et al. found that the contralateral hip joint and the contralateral knee joint were the next most likely joints to show OA progression and require replacement after an initial THA (Shakoor et al., 2002) .
Because most patients experience substantial pain relief after THA, the persistent unloading strategy after THA may be a learned behavior that develops due to joint pain or weakness prior to THA. It is also possible that post-operative factors, such as joint instability, decreased proprioception or fear of movement perpetuate the movement asymmetries and learned behavior after THA (Boonstra et al., 2011; Talis et al., 2007) . Therefore, addressing this movement impairment through targeted strategies such as movement feedback is warranted. In recent studies, real time visual feedback of weight distribution has been found to reduce weight bearing asymmetry in healthy adults during a squat task (McGough et al., 2012) , and in patients with neurological diseases during static standing (Foo et al., 2013) . Visual feedback of weight distribution has also improved movement symmetry and function for patients after joint arthroplasty (McClelland et al., 2012; Zeni et al., 2013) .
Despite the potential benefit of this visual feedback of weight distribution, the joint-specific strategies used to normalize weight distribution during the chair rise have not been examined. If patients improve symmetry in ground reaction force, it is important that this change does not come as a consequence of kinetic or kinematic compensations at other joints. It is possible that joint moments and angles, or the trunk angle, will become more asymmetrical in an attempt to make force under each limb more symmetrical.
It is imperative to discern how subjects who exhibit weight bearing asymmetry implement movement strategies that normalize ground reaction force between limbs when receiving visual feedback. Therefore, the purpose of this study was to evaluate the immediate influence of real-time visual feedback of weight distribution under limbs, on lower extremity kinematics and kinetics during a STS task in subjects before and after THA. We hypothesized that 1) subjects before and after THA would demonstrate increased symmetry in weight bearing, as well as in joint kinematics and kinetics, when receiving visual feedback; 2) strength and pain of the operated limb will influence the magnitude of change in symmetry when receiving feedback; 3) subjects after THA will demonstrate larger increase in symmetry in response to the visual feedback compared to those in subjects before THA. Specifically we hypothesized that greater pain and less strength would attenuate the effect of visual feedback so that subjects after THA would have a greater response.
Methods

Subjects
Subjects in this study were derived from a parent longitudinal study that evaluated the functional performance and movement patterns in patients before and after THA. Participant in parent study were subjects with end-stage hip OA between the ages of 35 and 85, who were scheduled to undergo THA between March 2012 and October 2014. Subjects were either referred by local orthopedic surgeons or responded to newspaper advertisements. Before enrollment, subjects were screened for eligibility using a telephone interview conducted by our research staff. Subjects were excluded if they had 1) neurological disorders that affect their ability to walk or rise from a chair, 2) any cardiovascular problems that limiting them their ability to climb a flight of stairs or walk for 6 min, 3) uncontrolled hypertension, or 4) history of cancer in the lower extremity. To avoid the potential confounding influence of other joint impairments, subjects were also excluded from this analysis if they 1) had previous arthroplasty surgery within 1 year of the pre-operative evaluation; or 2) planned to have an additional lower extremity arthroplasty. All surgical procedures were performed by anterolateral, posterior or direct lateral approach (Table 1) .Threedimensional motion analysis, and functional evaluation sessions were completed at 2-4 weeks prior to THA and 3 months after THA. However, the subjects included in this study did not necessarily complete the visual feedback testing at both time points primarily due to the fact that the visual feedback was added after the parent study started enrolling. In addition, not all subjects returned for follow-up testing and time constraints may have prevented some subjects from completing the visual feedback portion at one of the time points. The resulting sample consisted of most patients who completed this testing at only one time point. Because we have two different groups before and after THA, we performed our analysis in a cross-sectional fashion using analytical techniques consistent with that study design. The study was approved by the Human Subjects Review Board at the University of Delaware and all subjects provided informed consent prior to participation.
Anthropometric measures
Age, height, weight and sex were recorded, and body mass index (BMI) was calculated for each subject.
Motion analysis
The STS task was analyzed by using a three dimensional 8-camera motion capture system (VICON, Oxford Metrics, London, England) synchronized with two embedded force platforms (Bertec Corp., Worthington, OH, USA). Sixteen-millimeter spherical retro-reflective markers were placed bilaterally on anatomical structures that were used to define joint segments during the static trial. Markers were placed on the iliac crest, greater trochanter, lateral femoral condyle, lateral malleolus, head of the 5th metatarsal, and 2 markers on the heel. Knee and ankle joint centers during a static trial were computed by using medial markers that were placed bilaterally on medial femoral condyle, medial malleolus, and on head of the 1st metatarsal bone. To track segmental motion during dynamic trials, rigid thermoplastic shells with 4 markers were secured to the trunk at mid-thoracic area lateral to the spine and bilaterally on the lower legs and thighs. Pelvic motion was tracked using a shell with 3 markers placed below the line between the 2 posterior superior iliac spines. Functional hip joint centers were determined using a built-in algorithm that calculates the most likely intersection of all axes (effective joint center) and most likely orientation of the axes (effective joint axis) between the pelvis and femur based on a separate dynamic trial in which subjects performed hip flexion, extension and abduction during single leg stance (Schwartz and Rozumalski, 2005) . "Start stand" and "end stand" events were determined using the velocity and position of the acromio-clavicular (i.e. shoulder) marker, respectively.
Marker data and force platforms data were sampled at 120 Hz and 1080 Hz, and were filtered at 6 Hz and 40 Hz, respectively. Visual 3D (C-Motion, Inc., Germantown, MD, v5.00.25) software program was utilized to compute joint angles and joint moments for each limb by using kinematics and inverse dynamic analysis techniques. Joints angles were calculated using Euler X-Y-Z sequence corresponding to flexion/extension, abduction/adduction, and then rotation sequences. Joints moments were expressed by as external moments normalized to body mass and height (Nm/Kg*m).
Experimental approach
Subjects performed the STS task in two conditions: without visual feedback (No-VF) and with visual feedback (VF). Subjects performed 3 trials of STS without visual feedback followed by 3 trials with visual feedback. Two practice trials preceded each condition to familiarize the subjects with the procedure. Subjects were instructed to stand from a piano stool of an adjustable height and without armrests or backrests. The height of the stool was set to the subject's knee joint line. Subjects were instructed not to use the arms to assist with rising from the chair. For subject's safety, the stool was secured to the floor with adhesive tape to prevent movement during the task (Fig. 1) .
Feedback during STS was given through a custom software program that ran on a laptop computer (Labview 8.5 National Instruments, Austin, TX, USA). The input to the feedback system was via two force plates that transmitted the vertical ground reaction force under each limb. Visual feedback of the left and right limb weight distribution was displayed on a television monitor in front of subject that consisted of two cylinders. These cylinders filled or emptied based on the percentage of weight under each limb (Fig. 1 ). In the VF condition, subjects were asked to put equal weight under each limb during STS by trying to use the muscles and joints of the lower limbs in a similar way, and to keep their trunk in midline while using the feedback from the monitor to guide the weight under each limb. No cuing for movement symmetry was provided in the "no visual feedback" condition.
Pain assessment
Pain was assessed on a continuous scale from 0 to 10, subjects were specifically asked to "rate your average pain over the past week from 0 to 10, where 0 is no pain and 10 is the worst imaginable pain". Pain was assessed for the affected hip, and the non-or less-affected hip.
Strength measures
Isometric hip abductor strength was measured using a handheld dynamometer (Lafayette Manual Muscle Testing System; Model 01165; Instrument Company, Lafayette, IN). Subjects were positioned in sidelying and a non-elastic strap was placed around the thigh to provide resistance. The handheld dynamometer was placed proximal to the lateral femoral condyles. Subjects were asked to push against the strap (abduct their hip) with as much force as possible. Subjects were tested bilaterally, with the affected limb tested second. Subjects performed 3 trials with rest in between trials. The maximal force from all trials was used for analysis. This method has been shown to be a valid and reliable in healthy adults (Widler et al., 2009) , and in individuals after TKA (Alnahdi et al., 2014) . Muscle strength in Newtons was normalized to subject's body mass in Kg.
Knee extensors strength was defined as the peak isometric torque produced during a voluntary knee extension activity on an electromechanical dynamometer (Kin-Com 500 H, Chattanooga Inc., Chattanooga, TN). Subjects were seated and a force measurement arm that contained the force transducer was attached to the ankle. The knee was positioned at 75°of flexion and the axis of the dynamometer was aligned with the axis of rotation of the knee joint. The force transducer was placed 2 in above the lateral malleolus. The non-surgical side was tested first. Subjects were instructed to "kick as hard as possible" for a 3 s. Verbal encouragement was provided. The maximal force from 3 trials was used for the analysis. Torque in Newton-meters (Nm) was calculated as the force recorded at the force transducer multiplied by the linear distance in meters between the force transducer and axis of rotation. Muscle torque was then normalized to subject's body mass in Kg. This method has been shown to be a reliable measure in subjects with knee OA (Kean et al., 2010) , and subjects after TKA (Staehli et al., 2010) .
Outcome variables
To measure the weight bearing distribution and the joint-specific kinematics and kinetics the following biomechanical variables were assessed: peak vertical ground reaction force (VGRF), peak hip flexion moment, peak hip adduction moment, peak knee flexion moment, peak hip flexion angle, average hip sagittal angle, and average knee sagittal angle. All variables were assessed during the rising portion of the task. VGRF was measured in Newtons normalized to body weight (N/BW), while joint moments were expressed as external moments in Nm normalized to body mass and height (Nm/Kg.m).
The average of joint angle was computed from the start stand to end stand events. The average angle represents the dynamic motion of the knee throughout the task, similar to impulse measurements that are common in kinetic analyses. The joint angle curve was normalized to 100% of sit-to-stand task. We computed the angle at each point (on a 1 unit basis, representing 1-100% of the sit-to-stand task). The angles were then summed and divided by the 100 points. For the knee joint, peak angle was not used because peak knee flexion occurs at the start of motion when the subject is seated. Although we calculated the peak hip flexion angle since it occurs later in the task, we also similarly calculated the average of hip joint motion.
The symmetry index was computed for each variable. The symmetry index (SI) is a measure of difference between limbs and is calculated as the non-operated side subtracted from the operated side (SI = operated − non-operated). Negative values represent inter-limb asymmetry in which the operated side has lower value. Perfect symmetry is when the symmetry index equals zero.
Lateral trunk angle was also evaluated to evaluate potential proximal compensatory strategies. Lateral trunk angle was calculated as the frontal plane angle of the trunk segment in relation to the pelvis segment at the time of maximum bilateral VGRF. Positive values for lateral trunk angle in degrees ( o ) correspond with movement toward the operated side, negative values indicate a lean toward the non-operated side.
Because the goal in this study was to determine the immediate effects of visual feedback on joint kinetics and kinematics in subjects with weight bearing asymmetry, only subjects with weight bearing asymmetry were included in the analysis. Therefore, subjects with SI in peak VGRF within ± 0.06 (N/BW) were excluded from this analysis. The interlimb difference of 0.06 was selected as the cutoff point based on data from a cross-sectional sample of older adults (n = 23) without symptomatic lower extremity joints pathology, who exhibited mean absolute interlimb difference in VGRF of 0.04 (CI 95 : 0.03-0.06) during the sit to stand task. This group was collected as control group in a previous study in our lab (Abujaber et al., 2015a) .
Data analysis
Mean and standard deviations for discrete biomechanical variables for both limbs, symmetry indices, and hip pain, hip strength, and knee strength were computed for subjects. Paired t-tests were used to examine the difference between limbs. To test the response to visual feedback on the movement symmetry, paired t-test was used to assess the change in symmetry index between the two conditions (No-VF and VF) for each outcome variable. To evaluate whether the response (i.e. Change in the symmetry index between the two conditions) was different between subjects at 3 months post-surgery than those before surgery, independent t-tests were used given that not all subjects received the VF at both time points. Shapiro-Wilk test was used to test the normality of distribution of the differences of our data. When violations were found, Wilcoxon Rank test was used as a non-parametric test. Effect sizes (Cohen's d) were calculated to describe the magnitude of effect of the visual feedback, and were interpreted as large (0.80), moderate (0.50) and small (0.20) (Cohen, 1988) .
Pearson correlation analyses were used to quantify the association between physical impairments of the operated limb (hip pain, hip abductor strength, and knee extensor strength), and the amount of change in symmetry index that occurred between the two conditions. Pearson correlation analyses were also used to examine whether asymmetry in VGRF in no-VF condition was associated with the change in symmetry of VGRF and joint kinetics. Change in symmetry index between conditions was obtained by subtracting the symmetry index at the "No-VF" condition, from that in the "VF" condition.
Results
Subjects
The visual feedback condition was completed by forty-one subjects before THA and by thirty-eight subjects after THA. Of those subjects, six subjects showed interlimb difference in VGRF within ± 0.06 N/BW before THA, and eleven showed interlimb difference in VGRF within ± 0.06 N/BW after THA. These subjects were considered to have symmetrical weight distribution and were excluded from this analysis. Therefore, a total of thirty-five subjects before THA and twenty-seven subjects after THA were included. Subject's characteristics Table 2 Discrete biomechanical variables of each limb, symmetry indices, and the change in symmetry indices between conditions in subjects before THA. Variable Δ: amount of change in symmetry index between two conditions. ⁎ P-value of interlimb difference using paired t-test or Wilcoxon Rank test (significant if < 0.05).
⁎⁎ P-value of change in symmetry index between the two conditions using paired t-test or Wilcoxon Rank test (significant if < 0.05).
and clinical measures before and after THA were presented in Table 1 . For hip pain, hip strength and knee strength measures, significant differences were found between limbs at both time points (p < 0.005) ( Table 1) .
Visual feedback (VF) before THA
During the No-VF condition, subjects before THA had significant interlimb differences for VGRF, joint kinetics, and peak hip flexion angle and average sagittal hip angle, but sagittal knee angle was not different between limbs (Table 2 ). In the VF condition, there was a significant improvement in the symmetry index of VGRF with a large effect size, suggesting that subjects responded to the VGRF feedback (Table 2 ). There was also a significant improvement in peak hip flexion moment symmetry, peak hip adduction moment symmetry, and peak knee flexion moment symmetry in the VF condition, but no change in hip and knee flexion angle symmetry or lateral trunk angle. During the VF condition, significant inter-limb difference still persisted for all biomechanical variables except for the knee joint angle (Table 2) .
Except with the frontal hip moment, hip pain did not show any association with the amount of change in symmetry for any biomechanical variable (Table 3) . Hip pain of the operated limb showed a direct, but small correlation with the increase in symmetry of peak hip adduction moment. Similarly, hip strength of the operated limb showed a direct but small correlation with the change in symmetry of peak knee flexion moment. The increase in symmetry of VGRF showed small to moderate relations with the increase in symmetry of peak hip adduction moment, peak hip flexion moment, and peak knee flexion moment (Table 3) . There was also a direct, but small relation between the amount of symmetry in VGRF during the No-VF condition and the increase in VGRF symmetry during VF condition (Table 3) .
Visual feedback (VF) after THA
During the No-VF condition, subjects 3 months after THA had significant interlimb differences for VGRF and joint kinetics and for peak hip flexion angle, but there was no interlimb difference in the average sagittal hip and knee flexion angle (Table 4 ). Similar to findings at preoperative session, providing VF for subjects 3 months after surgery significantly increased the symmetry index of VGRF with a large effect size (Table 4) . For joint kinetics, peak knee flexion moment and peak hip adduction moment symmetry significantly improved in the VF condition (Table 4) .There was no change in the symmetry index for Table 3 Pearson correlation between physical impairments, symmetry of VGRF in "No-VF" condition, and amount of change in biomechanical symmetry between two conditions, before THA. Δ symmetry: amount of change in symmetry between two conditions. VGRF: peak vertical ground reaction force. HFM: peak hip flexion moment. HADM: peak hip adduction moment. KFM: peak knee flexion moment. ⁎ P < 0.05. ⁎⁎ P < 0.01. Table 4 Discrete biomechanical variables of each limb, symmetry indices, and the change in symmetry indices between conditions in subjects after THA. Δ: amount of change in symmetry index between two conditions. ⁎ P-value of interlimb difference using paired t-test or Wilcoxon Rank test (significant if < 0.05).
peak hip flexion moment, hip and knee flexion angles, and lateral trunk angle between the No-VF and the VF conditions (Table 4) . During the VF condition, subjects had symmetrical frontal hip moment and peak hip flexion angles, however; significant inter-limb difference still persisted for VGRF and sagittal hip and knee moments (Table 4) . Hip pain, hip strength and knee strength of the operated limb was not significantly correlated with the change in symmetry of any biomechanical variable (Table 5 ). The increase in VGRF symmetry with VF was positively associated with the increase in symmetry of peak hip adduction moment, peak hip flexion moment, and peak knee flexion moment (Table 5) . Subjects who showed less symmetry in VGRF in the No-VF condition demonstrated greater increase in symmetry of VGRF, peak hip adduction moment, and peak hip flexion moment during VF condition (Table 5) .
Subjects before THA and after THA showed similar response to visual feedback. There was no difference in the change in symmetry index between conditions when the two time points were compared.
Discussion
In this paper, we sought to identify the immediate effects of visual feedback of weight bearing symmetry during the STS task on jointspecific kinetics and kinematics. We hypothesized that movement symmetry would improve with visual feedback, but the effects would be greatest in subjects with minimal pain, greater strength and also in those who previously underwent THA. Our results supported the first hypothesis; subjects had greater symmetry for most biomechanical variables in the VF condition. However, we found that this improvement in symmetry was not strongly influenced by physical impairments and subjects before and after THA responded similarly to the feedback.
Subjects were able to implement the visual feedback into the intended biomechanical target. That is to say, when subjects received feedback of VGRF distribution, their VGRF symmetry improved during the STS task. This improvement in VGRF was related to improved symmetry in other lower extremity kinetic factors, including the knee and hip moments. The visual feedback did not appear to induce potentially negative compensatory motions at the trunk, nor did it exaggerate asymmetries at more proximal joints. Low cost tools such as bathroom scales or Wii Balance Board (Nintendo Corp, Redmond, WA) are able to provide similar feedback as was used in this study. The Wii Balance Board has previously used to provide visual feedback of weight bearing asymmetry (Clark et al., 2014; Foo et al., 2013) , and has been shown to be a valid and reliable method for measuring weight bearing asymmetry (Abujaber et al., 2015b; Clark et al., 2011) . This suggests that incorporating visual feedback into pre-and post-operative interventions may be a cost effective way to normalize lower extremity biomechanics.
We expected that response to visual feedback would be larger in subjects after surgery than those who wait for surgery, given that hip pain is largely resolved and muscle strength is improved after THA. However, both groups showed similar response to the visual feedback. The presence of direct relationship between hip pain in the pre-operative group and the increase in symmetry of hip adduction moment may suggest that subjects with higher levels of pain may have a better response to the visual feedback; however, this relation was weak and it was only found for one of symmetry measures. This relationship should be explored in future studies and may not be generalizable for all patients. We also found a small to moderate direct relationship between weight bearing asymmetry in the No-VF and the increase in symmetry of weight bearing in VF condition at both time points, a relationship that is supported by previous research (Foo et al., 2013; McGough et al., 2012) . This relationship combined with the relations between weight bearing asymmetry in the No-VF and increase in other symmetry measures post-operatively (i.e. HFM & HADM) suggest that subjects with greater weight bearing asymmetry in the No-VF condition may have a better response to visual feedback.
Despite improvements in biomechanical symmetry in the VF condition, subjects before and after THA still demonstrated significant differences between limbs (Tables 2 and 4). It is important to point out that these changes occurred in a single session without substantial training or additional feedback cues. An intervention that includes multiple training sessions with additional components to improve motor learning may exceed the levels of symmetry in kinetics and kinematics seen in this single session study. Future research is warranted to determine the effects of including visual feedback in a faded-feedback longitudinal intervention to identify the true benefit of training. Our results may be influenced by order effect; the order of conditions in this study was not randomly assigned, which could be considered as a limitation in our study. However, we chose to provide the no-feedback condition first in order not to bias the subjects with knowledge of the metrics evaluated as part of this study (force symmetry).
In summary, this is the first study that evaluates the immediate influence of real-time visual feedback on the symmetry of joint kinetics and kinematics. This study serves as a first step to determine the potential effectiveness of visual feedback on STS movement symmetry. Providing subjects with visual feedback of VGRF under each limb reduced lower extremity asymmetry in subjects before and after THA. Further research should assess the training effects of visual feedback and determine whether using the visual feedback can lead to long term benefits on function and movement symmetry. Δ symmetry: amount of change in symmetry between two conditions. VGRF: peak vertical ground reaction force. HFM: peak hip flexion moment. HADM: peak hip adduction moment. KFM: peak knee flexion moment. ⁎ P < 0.05. ⁎⁎ P < 0.01.
